The ability of neurons to modulate synaptic strength underpins synaptic plasticity, learning and memory, and adaptation to sensory experience. Despite the importance of synaptic adaptation in directing, reinforcing, and revising the behavioral response to environmental influences, the cellular and molecular mechanisms underlying synaptic adaptation are far from clear. Brain-derived neurotrophic factor (BDNF) is a prime initiator of structural and functional synaptic adaptation. However, the signaling cascade activated by BDNF to initiate these adaptive changes has not been elucidated. We have previously shown that BDNF activates mitogen-and stress-activated kinase 1 (MSK1), which regulates gene transcription via the phosphorylation of both CREB and histone H3. Using mice with a kinase-dead knock-in mutation of MSK1, we now show that MSK1 is necessary for the upregulation of synaptic strength in response to environmental enrichment in vivo. Furthermore, neurons from MSK1 kinase-dead mice failed to show scaling of synaptic transmission in response to activity deprivation in vitro, a deficit that could be rescued by reintroduction of wild-type MSK1. We also show that MSK1 forms part of a BDNF-and MAPK-dependent signaling cascade required for homeostatic synaptic scaling, which likely resides in the ability of MSK1 to regulate cell surface GluA1 expression via the induction of Arc/Arg3.1. These results demonstrate that MSK1 is an integral part of a signaling pathway that underlies the adaptive response to synaptic and environmental experience. MSK1 may thus act as a key homeostat in the activity-and experience-dependent regulation of synaptic strength.
Introduction
A prominent theme in neurobiology is the dramatic extent to which synapses are modified by experience (Rosenzweig and Bennett, 1996; Markham and Greenough, 2004) . At the cellular level, these modifications underpin synaptic plasticity (Citri and Malenka, 2008; Ho et al., 2011) , and in the whole animal support learning and memory (Morris, 2006; Neves et al., 2008) and its response to the environment (Nithianantharajah and Hannan, 2006; Baroncelli et al., 2010) . These changes involve both functional and structural adaptations in terms of intrinsic excitability (Davis, 2006) , postsynaptic glutamate receptor complement (Kerchner and Nicoll, 2008; Kessels and Malinow, 2009 ), neurotransmitter release (Citri and Malenka, 2008) , and in the shape and density of dendritic spines, axonal arbors, and synaptic boutons (Holtmaat and Svoboda, 2009; Hübener and Bonhoeffer, 2010) .
Brain-derived neurotrophic factor (BDNF) has emerged as a prime mediator of synaptic adaptation and plasticity. Increased BDNF mRNA and protein have been observed in rodents in response to environmental enrichment (Nithianantharajah and Hannan, 2006; Baroncelli et al., 2010) , which, via the BDNF TrkB receptor, promotes dendritic growth and increased spine density in an ERK1/2-dependent manner (Cowansage et al., 2010) . BDNF is also implicated in a form of synaptic adaptation known as homeostatic synaptic scaling in which suppression of neuronal firing in vitro by tetrodotoxin (TTX) causes a reduction in BDNF levels and a compensatory increase in synaptic strength, an observation that can be mimicked by BDNF TrkB receptor antagonists . This form of non-Hebbian plasticity may underlie the ability of neuronal networks to "self-tune" and maintain stable outputs in the face of LTP and LTD-driven Hebbian synaptic changes, while still allowing relative differences in synaptic strength to persist and continue to encode information (Turrigiano, 2008; Pozo and Goda, 2010) .
In neurons, BDNF stimulates the ERK1/2 MAP kinase (MAPK) cascade, resulting in the activation of mitogen-and stress-activated protein kinase 1 (MSK1) (Arthur, 2008; Frenguelli and Corrêa, 2012) . We have previously shown that MSK1 is required for MAPK-induced CREB and histone H3 phosphorylation, and the induction of Cre-dependent immediate-early genes (Soloaga et al., 2003; Arthur et al., 2004) . Subsequently, MSK1 has been implicated in circadian clock gene expression (Butcher et al., 2005) , visual cortical plasticity (Putignano et al., 2007) , drug addiction (Brami-Cherrier et al., 2005) , neurodegeneration (Roze et al., 2008) , and learning and memory (Chwang et al., 2007; Chandramohan et al., 2008) .
In the present study, we demonstrate that mice carrying an inactivating kinase-dead (KD) knock-in point mutation of the MSK1 N-terminal kinase domain fail to show synaptic adaptation in response to either environmental enrichment in vivo or chronic deprivation of synaptic activity in vitro. Furthermore, MSK1 KD neurons fail to downregulate activity-regulated cytoskeleton-associated protein/activity-regulated gene 3.1 (Arc/ Arg3.1), a protein implicated in the trafficking of AMPA receptors in homeostatic synaptic plasticity Shepherd et al., 2006) . Our data implicate MSK1 as key regulator of both synaptic and experience-dependent synaptic adaptation, actions that likely revolve around the ability of MSK1 to directly influence transcription via its downstream targets CREB and histone H3.
Materials and Methods
Materials. The following antibodies (source; catalog number) were used in this study: Arc/Arg3.1 (Synaptic Systems; 156 003), GluA2 N-terminal (Santa Cruz; sc-7611), GAPDH (Abcam; AB8245), total ERK1/2 (Cell Signaling Technology; 9102), phospho-ERK1/2 (Cell Signaling Technology; 9101), total MSK1 [in-house (Wiggin et al., 2002) ], phospho-Thr581 MSK1 (Cell Signaling Technology; 9595), and total RSK2 (Cell Signaling Technology; 9340). The GluA1 N-terminal (NT) antibody was a kind gift from Prof. Elek Molnár (University of Bristol, Bristol, UK) (Molnár et al., 1993; Richmond et al., 1996) . The GFP-MSK1 plasmid has been described previously (Soloaga et al., 2003) .
Animals. All animal experiments were conducted in accordance with the United Kingdom Animals (Scientific Procedures) Act 1986, and with local ethical review procedures. A kinase-dead MSK1 mouse was generated by mutating Asp194 to Ala in the endogenous MSK1 gene. The knock-in was produced by TaconicArtemis using standard targeting methods in C57BL/6 ES cells using the strategy summarized in Figure 1A . Routine genotyping was performed by PCR using the primers 5Ј-CGGCCATGTGGTGCTGACAG C-3Ј and 5Ј-GGGTCAGAGGCCTGCACTAGG-3Ј, which gives 378 and 529 bp products for wild-type and targeted alleles, respectively. MSK1 knock-out (KO) mice have been described previously (Wiggin et al., 2002) . Gross morphology of MSK1 KD and wild-type mouse brains was assessed with propidium iodide staining of permeabilized 40 m brain sections.
All the mice used in this study were on a C57BL/6 genetic background. Cell culture. Hippocampal cultures were prepared from P0 -P1 mouse pups of either sex as described previously (Corrêa et al., 2009 ). The cells were plated onto 22 mm glass coverslips coated with poly-L-lysine and used after 15-18 d in vitro (DIV). Transfection of hippocampal cultures with wild-type GFP-MSK1 cDNA (Soloaga et al., 2003) for rescue experiments was performed using Lipofectamine 2000 (Invitrogen). Neurons were used 15-18 h after transfection. The hippocampal cultures were also used for immunocytochemistry, immunoblotting, and mEPSC recordings. Embryonic fibroblasts were isolated from day 13.5 embryos and used for kinase assays (Wiggin et al., 2002) .
Immunocytochemistry, microscopy, and data analysis. Surface expression of endogenous GluA1 and GluA2 subunits was measured in hippocampal neurons grown in vitro for 15-18 d and treated with either vehicle (dH 2 O) or 1 M TTX (Ascent Scientific) for 24 h in their conditioned medium. After treatment, cells were washed three times with warm HEPES-buffered saline (HBS) of the following composition (in mM): 119 NaCl, 5 KCl, 2 CaCl 2 , 2 MgCl 2 , 25 HEPES, 30 glucose at pH 7.2, fixed in warm 4% paraformaldehyde (PFA) in 0.1 M PBS, pH 7.4, for 5 min at room temperature and incubated with either rabbit anti-GluA1 N-terminal or mouse anti-GluA2 N-terminal antibodies (diluted in 10% BSA) for 80 min at room temperature. Coverslips were then washed with HBS and incubated with Alexa 568-labeled secondary antibodies (1: 100) and mounted on slides using Mowiol.
Immunofluorescent staining was observed using a 63ϫ oil-immersion lens on an inverted Leica SP5 confocal microscope. Fluorophores were excited at 561 nm and emission from a single confocal plane was detected through a 560 nm long-pass filter. All cells were imaged as Z stacks using the same acquisition parameters. Images comprising a Z stack were exported using Leica Microsystem LAS AF6000 software as a TIFF file and processed using Adobe Photoshop 8.0. For each experimental condition, at least three cells were imaged and analyzed using hippocampal cultures from three different preparations. The quantification of the intensity of fluorescent puncta was performed with ImageJ software (http://rsb.info. nih.gov/ij/index.html). The images displaying the endogenous surface GluA1 and GluA2 protein were first calibrated according to the magnification at which they were acquired. A region of diffuse fluorescence near the cell body was selected as background and the threshold was set at twice this background level. Once the threshold was set, a dendrite arising from the cell body was selected using the brush tool and all the puncta marked using the default settings. The selection of individual puncta was then made by hand comparing the grayscale and color images. After correcting the background in the grayscale images, the pixel intensity of the selected puncta was calculated.
Dendritic spine analysis in hippocampal culture. Cultured hippocampal neurons grown for 21 DIV from wild-type and MSK1 KD mice were transfected with an eGFP construct using Lipofectamine 2000 (Invitrogen) as described previously (Corrêa et al., 2009) . After 15-18 h transfection, the cells were fixed using 4% PFA and mounted on coverslips using Mowiol. The cells were then imaged on an inverted SP5 Leica confocal microscope using a 100ϫ oil-immersion lens. Spine morphology analysis was performed in Neuronstudio (Wearne et al., 2005; Rodriguez et al., 2008) . The confocal images were exported as compressed Z stacks, opened in Neuronstudio and calibrated according to the magnification parameters for spine and dendrite measurements. The spines were identified manually while the length of the dendrites were traced automatically. The spine volume (in cubic micrometers), spine head width (in micrometers), and spine length (in micrometers) were measured, as well as the spine density per 10 m of dendrite (n ϭ 20 -25 neurons from 3-4 wild-type and MSK1 KD primary neuronal preparations). Data were analyzed using one-way ANOVA.
Western blotting. Dissociated hippocampal neurons from both wildtype and MSK1 KD mice were cultured for 15 DIV and treated with either vehicle (dH 2 O) or 1 M TTX (Ascent Scientific) for 24 h in their conditioned medium. After incubation, cells were lysed using lysis buffer (which contained the following: 1 mM EDTA, 1 M Tris-HCl, pH 7.5, 1% Triton X-100, 1 mM Na 3 VO 4 , 50 mM NaF, 5 mM Na 4 P 2 O 7 , 0.27 M sucrose, 20% NaN 3 , 0.1% ␤-mercaptoethanol, and protease inhibitor mixture tablets), centrifuged, and protein separated using SDS-PAGE electrophoresis system. Proteins were then transferred onto Hybond-ECL membrane (GE Healthcare), and blots were incubated overnight at 4°C with primary antibodies including rabbit anti-Arc/Arg3.1 (1:1000) and mouse anti-GAPDH (1:5000). Blots were then incubated with appropriate secondary antibodies (affinity-purified HRP-and AP-conjugated anti-IgG; 1:20,000; Jackson ImmunoResearch) for 1 h at room temperature and developed using ECL reagents. The bands were analyzed using Fiji software (http://fiji.sc/wiki/index.php/Fiji). GAPDH was used as a loading control (n ϭ 3 for both wild-type and MSK1 KD). Data were analyzed using one-way ANOVA. Significance was taken at p Ͻ 0.05.
Kinase assays. Kinase assays in embryonic fibroblasts were performed as described previously (Wiggin et al., 2002) . One unit of activity was that amount of enzyme that incorporates 1 nmol of phosphate into the peptide substrate in 1 min.
Whole-cell mEPSC recordings. Whole-cell patch-clamp recordings were made from primary hippocampal cultures (15-18 DIV) and from CA1 neurons in 350 m hippocampal slices [prepared from male mice as described previously for neocortical slices (Pankratov et al., 2007) ] in the presence of 1 M TTX and 100 M picrotoxin and with patch pipettes (4 M⍀) filled with the following intracellular solution (in mM): 50 KCl, 55 K-gluconate, 10 NaCl, 10 HEPES, 2 MgATP, 10 EGTA, pH 7.35, at 29 -31°C. The membrane potential was set at Ϫ80 mV. The series and the input resistances were 4 -8 and 500 -1300 M⍀, respectively, and varied by Ͻ20% in the cells accepted for analysis. Currents were monitored using an AxoPatch200B patch-clamp amplifier (Molecular Devices) filtered at 2 kHz and digitized at 4 kHz. Experiments were controlled by PCI-6229 data acquisition board (National Instruments) and WinWCP software (Strathclyde Electrophysiology Software).
Spontaneous mEPSCs recorded in hippocampal neurons were analyzed off-line using methods described previously (Pankratov and Krishtal, 2003; Pankratov et al., 2007) . Briefly, inward transmembrane currents of amplitude Ͼ2 SD of baseline noise were selected for the initial detection of spontaneous events. Every single spontaneous event thereafter was analyzed within a 140 ms time window, and its amplitude and kinetics were determined by fitting a model curve with single exponential rise and decay phases. As a rule, mean square error of fit amounted to 5-20% of peak amplitude depending on the background noise. Whenever the error of fit exceeded 25%, spontaneous currents were discarded from further analysis. The amplitude distributions of spontaneous and evoked currents were analyzed with the aid of probability density functions and likelihood maximization techniques, as described previously (Pankratov and Krishtal, 2003; Pankratov et al., 2007) . All amplitude distributions shown were calculated as probability density functions.
Environmental enrichment. Environmental enrichment was provided via the rearing of wild-type and MSK1 KD mice in large cages (Ferplast Mini Duna Hamster Cage: 39 cm width ϫ 55 cm length ϫ 27 cm height) containing bedding and toys arranged on two levels. To provide novelty, toys were moved around and new toys introduced every few days. Two to three pregnant dams were placed in these cages to provide additional mothering (D'Amato et al., 2011) and larger groups for social interactions. At weaning (3 weeks), females were removed and the males remained in the enriched environment for a further 3-4 weeks until brain slices were prepared for electrophysiological and morphological analysis. Age-matched male mice maintained in standard housing [one dam (until 3 weeks), bedding, a cardboard tube, two to three mice] served as controls for environmental enrichment.
Analysis of dendritic spines after exposure to standard and enriched housing. A flame-polished patch pipette coated with ϳ0.5 mg of dextranconjugated Alexa 488 (Invitrogen) was inserted into the CA1 pyramidal layer of a 350 m hippocampal slice (prepared as per the electrophysiological recordings described above), which was then returned to an incubation chamber for 3 h to allow uptake and transport of the dye (Delaney, 2010) . Analysis of Z stacks of fluorescent images of CA1 stratum radiatum from 20 m sections yielded the number of dendritic spines per unit length of dendrite. Data were obtained from 55 dendrites and 2151 dendritic spines under enriched conditions (two MSK1 KD and three wildtype mice), and 35 dendrites and 1536 dendritic spines under standard housing conditions (three MSK1 KD and three wild-type mice).
Statistical analysis. Data were analyzed using unpaired or paired t tests and ANOVA as appropriate. Significance was achieved at p Ͻ 0.05. Unless stated otherwise, data are presented as mean Ϯ SEM.
Results

Generation and characterization of MSK1 kinase-dead mice
To examine the potential role of MSK1 in synaptic function, we generated an MSK1 KD knock-in mouse by mutating Asp194 to alanine in the N-terminal kinase domain DFG motif ( Fig. 1 A) . These mice were viable and had no apparent developmental problems or obvious differences in brain structure ( Fig. 1 B) . Despite the presence of MSK1 protein (Fig. 1C ), and its ability to be phosphorylated by MAPK at the key threonine 581 residue following stimulation of mouse embryonic fibroblasts with the phorbol ester phorbol 12-myristate 13-acetate (PMA) ( Fig. 1 D) , MSK1 KD mice lacked detectable MSK1 activity ( Fig. 1 E) . Western blots of the related RSK2 kinase showed no compensatory increases between wild-type and MSK1 KD mice in either neonatal (P0; n ϭ 5-6) or adult (ϳ3 months of age; n ϭ 6 of each genotype) hippocampal tissue when expressed as a ratio of total ERK1/2 (data not shown).
MSK1 is required for synaptic adaptation to environmental enrichment
Given the role of MSK1 in transducing neurotrophin receptor activation into CREB phosphorylation (Arthur et al., 2004) , its role in mediating the phosphorylation of histone H3 in peripheral tissue and neurons (Arthur, 2008; Frenguelli and Corrêa, 2012) , and the importance of both neurotrophins and transcriptional regulation in developmental and experience-dependent adaptation (Cowansage et al., 2010) , we hypothesized that MSK1 may be important in regulating adaptive, or homeostatic responses to sensory and synaptic stimulation.
Accordingly, we exposed wild-type and MSK1 KD mice to environmental enrichment from birth to 6 -8 weeks, at which point we studied synaptic transmission and dendritic spine density in hippocampal CA1 neurons from mice housed under enriched conditions compared with mice reared in standard housing.
In keeping with previous observations of the effects of environmental enrichment on synaptic transmission (Nithianantharajah and Hannan, 2006), we observed an increase in the amplitude of miniature EPSCs (mEPSCs) in wild-type mice exposed to environmental enrichment. This was evidenced by a clear rightward shift in both the amplitude distribution of individual mEPSCs ( Fig. 2 A, left panel) and the cumulative distribution of mEPSC amplitudes ( Fig. 2 B, left panel) , resulting in an increase in the mean amplitude of mEPSCs (standard housing: 12.2 Ϯ 1.3 pA, n ϭ 10; enriched environment: 18.3 Ϯ 2.1 pA, n ϭ 16; unpaired t test, p Ͻ 0.05; Fig. 2C ). In contrast, mEPSCs from MSK1 KD mice exposed to environmental enrichment were no different in their amplitude distribution ( Fig. 2 A, B , right panels) or mean amplitude to those recorded from MSK1 KD mice raised in standard housing (standard housing: 10.7 Ϯ 1.4 pA, n ϭ 10; enriched environment: 10.9 Ϯ 1.2 pA, n ϭ 15; Fig. 2C ).
To determine whether environmental enrichment was associated with structural as well as functional neuronal changes, we labeled CA1 neurons in hippocampal slices with a fluorescent dextran (Fig. 3A) . Confocal imaging of dendritic spines in stratum radiatum revealed that environmental enrichment significantly increased spine density in wild-type neurons from 0.97 Ϯ 0.08 to 1.64 Ϯ 0.08 spines/m (n ϭ 3 mice for each condition; p Ͻ 0.001; Fig. 3B ). In contrast, the increase in spine density on MSK1 KD neurons was blunted, increasing from 1.21 Ϯ 0.08 spines/m under standard housing to 1.50 Ϯ 0.09 spines/m following environmental enrichment (n ϭ 2-3 MSK1 KD mice for each condition; p Ͻ 0.05; Fig. 3B ), a value that was not different from the spine density in enriched wild-type mice.
Interestingly, we observed a small, but significant increase in basal spine density in the MSK1 KD neurons (1.21 Ϯ 0.08 spines/ m) compared with wild-type neurons (0.97 Ϯ 0.08 spines/m; p ϭ 0.044). This potentially reflects an increase in spine size in the MSK1 KD mutant neurons allowing greater access of the highmolecular-weight 10 kDa fluorescently labeled dextran. To examine this possibility in more detail we prepared primary hippocampal neuronal cultures from neonatal (P0 -P1) wild-type and MSK1 KD mice and transfected them with eGFP after 21 DIV (Fig. 4 ). Although these studies revealed that there were no obvious differences in spine head width, spine length, or spine density ( Fig. 4 A-C, respectively), there was an increase in the overall spine volume in neurons prepared from MSK1 KD mice A, Schematic of the kinase-dead (KD) knock-in strategy. MSK1 KD mice were generated by mutating Asp194 in the MSK1 gene to Ala. C57BL/6 ES cells were modified using the targeting vector, and homologous recombination confirmed by Southern blotting. Targeted ES cells were injected into blastocysts to generate chimeric mice. Those chimeras that demonstrated germline transmission were crossed to Flp recombinase transgenic mice to excise the neo cassette. MSK1 KD mice were subsequently crossed away from the Flp transgene. B, Gross brain morphology as assessed using propidium iodide staining of parasagittal brain sections was similar in wild-type (top panels) and MSK1 KD (bottom panels) mice. An enlargement of the hippocampus is shown in the right panels. C, Protein was extracted from the hippocampus or cerebellum from wild-type, MSK1 KD, or MSK1 KO mice and immunoblotted for total MSK1 or ERK1/2. D, Embryonic fibroblasts were prepared from wild-type, MSK1 KD, or MSK1 KO mice. Following serum starvation for 16 h, cells were stimulated with 400 ng/ml PMA for 30 min as indicated. Levels of MSK1, p-T581 MSK1, p-ERK1/2, or total ERK1/2 were determined by immunoblotting. In C and D, the correct MSK1 band was confirmed with tissue from MSK1 KO mice. E, MSK1 activity was determined by immunoprecipitation kinase assays. The white bars represent unstimulated embryonic fibroblast lysates and gray bars PMA-stimulated cells. Error bars represent the SEM of four independent stimulations.
( Fig. 4 D) , potentially explaining the increased spine density in fluorescent dextran-treated CA1 neurons (Fig. 3) .
MSK1 is required for homeostatic synaptic plasticity
Given our observation of the importance of MSK1 in experiencedependent synaptic plasticity (Figs. 2, 3) , and previous reports of the role of BDNF in the induction of homeostatic synaptic scaling in vitro (Turrigiano, 2008; Pozo and Goda, 2010) , we hypothesized that MSK1 might regulate the adaptive synaptic response to activity deprivation.
Accordingly, we exposed primary hippocampal neurons from wild-type and MSK1 KD mice to 1 M TTX for 24 h, a manipulation that is known to inhibit BDNF release and results in a homeostatic upregulation of excitatory synaptic transmission . Wild-type neurons showed a robust rightward shift in the individual (Fig. 5A , left panel) and cumulative (Fig. 5B, left panel) amplitude distributions of mEPSCs and an increase in the mean amplitude of mEPSCs following application of TTX (mean amplitude from 13.9 Ϯ 0.8 to 29.0 Ϯ 2.8 pA; n ϭ 21 and 16 cells, respectively; p Ͻ 0.005; Fig. 5C ). In stark contrast, hippocampal neurons from MSK1 KD mice, while demonstrating larger basal mEPSC amplitude, showed no change in the distribution of mEPSC amplitudes ( Fig. 5 A, B , right panels), or in the mean amplitude of mEPSCs in response to TTX (17.8 Ϯ 1.1 to 17.3 Ϯ 1.6 pA; n ϭ 14 and 10 cells, respectively; Fig. 5C ).
To confirm the dependence of these changes on MSK1, we transfected GFP-tagged wild-type MSK1 cDNA into dissociated wild-type neurons or neurons from either MSK1 KD or KO mice (Fig. 6 ). Transfection of GFP alone had no effect on mEPSC amplitude compared with wild-type control neurons [13.3 Ϯ 0.8 pA (n ϭ 6) vs 13.7 Ϯ 1.3 pA (n ϭ 6), respectively] (data not shown). Overexpression of wild-type MSK1 in wild-type neurons caused a significant decrease in the amplitude of mEPSCs (10.4 Ϯ 0.7 pA; n ϭ 8; p Ͻ 0.02 when compared with untransfected and GFP-transfected neurons) (data not shown). This is consistent with the loss of MSK1 kinase activity in the MSK1 KD mutants causing an increase in mEPSC amplitude (Fig. 5 ) and furthermore implicates MSK1 as an important regulator of basal synaptic strength.
Reintroduction of wild-type MSK1 into dissociated MSK1 mutant neurons rescued the MSK1 KD phenotype (Fig. 6 A) and resulted in a return of basal mEPSC amplitude to that of wildtype neurons (from 21.9 Ϯ 3.0 to 14.1 Ϯ 0.7 pA; n ϭ 8 and 7 cells, respectively; p Ͻ 0.05; Fig. 6 B) and furthermore permitted TTXinduced homeostatic synaptic upscaling (from 14.1 Ϯ 0.7 to 24.5 Ϯ 2.2 pA; data from 7 cells; p Ͻ 0.005; Fig. 6 B) .
In addition to the effects on the amplitude of mEPSCs, we observed an increase in basal mEPSC frequency in neurons from MSK1 KD mice compared with wild-type (1.89 Ϯ 0.25 and 1.15 Ϯ 0.15 Hz, respectively; Fig. 6C ), which was not influenced by TTX treatment in either MSK1 KD or wild-type neurons (1.85 Ϯ 0.26 and 1.10 Ϯ 0.16 Hz, respectively; Fig. 6C ). Transfection of MSK1 into wild-type neurons had no significant effect on mEPSC frequency [from 1.18 Ϯ 0.12 Hz (12 GFP-transfected and untransfected cells) to 0.92 Ϯ 0.11 Hz (8 wild-type MSK1-transfected cells)] (data not shown), potentially due to a floor effect on mEPSC frequency. In contrast, reintroduction of wild-type MSK1 into MSK1 KD neurons reversed the enhancement of basal mEPSC frequency observed in MSK1 mutant neurons (from 1.79 Ϯ 0.29 to 0.88 Ϯ 0.13 Hz; Fig. 6C ).
These findings demonstrate that MSK1 is a key regulator of basal quantal amplitude and homeostatic scaling at individual synapses, but in addition has the capacity to regulate the number of active synapses.
Changes in GluA1 cell surface expression underlie MSK1-dependent homeostatic synaptic plasticity
Electrophysiological observations in cultured MSK1 KD neurons revealed an increase in both the amplitude (Fig. 5) and frequency (Fig. 6C ) of basal mEPSCs. Given that homeostatic synaptic plasticity involves changes in the cell surface expression of glutamate AMPA receptor (AM-PAR) subunits (O'Brien et al., 1998; Turrigiano, 2008; Pozo and Goda, 2010) , we investigated the cell surface expression of two AMPAR subunits in wild-type and MSK1 KD neurons under basal conditions and following exposure to TTX.
Consistent with the increase in the amplitude and frequency of basal mEPSCs in MSK1 KD neurons, we observed an increase in the cell surface expression of the AMPAR GluA1 subunit in MSK1 KD neurons under control conditions (Fig. 7A ), which was reflected in a rightward shift in the pixel intensity distribution (Fig. 7B) , and in terms of the mean pixel intensity (Fig. 7C ) when compared with wild-type neurons from parallel cultures.
In keeping with the TTX-induced increase in mEPSC amplitude in wild-type neurons, TTX caused an upregulation of GluA1 cell surface expression ( Fig. 7A ), a rightward shift in pixel intensity (Fig. 7B) , and an increase in the mean pixel intensity in wildtype neurons (from 23.0 Ϯ 0.5 to 36.8 Ϯ 1.0 a.u.; p Ͻ 0.01; Fig.  7C ). In contrast, and consistent with the electrophysiological observations, TTX-treated MSK1 KD neurons showed no increase in GluA1 cell surface expression ( Fig. 7A) , pixel intensity distribution ( Fig. 7B ), or mean pixel intensity (from 33.2 Ϯ 0.7 to 35.2 Ϯ 0.8 a.u.; Fig. 7C ).
To determine whether changes in cell surface AMPAR subunit expression were specific to GluA1 subunits or also involved GluA2 subunits, we performed similar immunocytochemical analysis of GluA2 cell surface expression. In contrast to our observations with the GluA1 subunit, there was no appreciable difference in basal expression of the GluA2 subunit between wildtype and MSK1 KD neurons, and no influence of TTX in either genotype ( Fig. 8 ), suggesting that the effects of TTX and MSK1 are specific to the GluA1 subunit.
The BDNF/MAPK pathway regulates homeostatic synaptic plasticity via MSK1
Although several signaling molecules have been identified as mediating synaptic scaling (Turrigiano, 2008; Pozo and Goda, 2010) , the MAPK cascade has yet to be examined. Since the BDNF-dependent activation of MSK1 requires ERK1/2 (Arthur et al., 2004) , the synaptic scaling deficit in the MSK1 KD mice predicts a role for ERK1/2 in the homeostatic regulation of synaptic strength.
Accordingly, to confirm that the homeostatic synaptic scaling we observed in response to TTX was dependent on decreased BDNF levels and reduced activity of TrkB and ERK1/2, we incubated wild-type cultured neurons in BDNF (50 ng/ml), BMS-SH722 (SH722; 500 nM), a Trk inhibitor that has been shown to block BDNF-induced ERK1/2 activation , or the MEK1/2 inhibitor 2-[(2-chloro-4-iodophenyl) amino]-N-cyclopropylmethoxy)-3,4-difluorobenzamide (PD 184352; 2 M), which prevents ERK1/2 activation (Fig. 9A ). As predicted BDNF reduced mEPSC amplitude in wild-type neurons (to 10.0 Ϯ 1.0 pA; p Ͻ 0.05). In contrast, the TrkB and MEK1/2 inhibitors enhanced mEP-SCs (23.5 Ϯ 2.8 pA; p Ͻ 0.01 and 37.3 Ϯ 6.0 pA; p Ͻ 0.005, respectively), identifying TrkB-mediated ERK1/2 activation as an initiator of homeostatic synaptic scaling.
To test whether these observations of the influence of the BDNF/TrkB/MAPK cascade in homeostatic synaptic involved MSK1, we repeated these experiments in neurons prepared from MSK1 KD mice. Neither application of BDNF, inhibition of TrkB receptors, nor inhibition of ERK1/2 activation affected mEPSC amplitude in MSK1 KD neurons (Fig. 9A) . These data suggest the convergence of the BDNF/TrkB/MAPK signaling pathway upon MSK1, which ultimately influences synaptic strength.
To confirm that TTX-and MAPK-dependent synaptic scaling recruited a common pathway, we performed occlusion experi- ments in wild-type neurons, the rationale being that should two pathways cause synaptic scaling by independent means their effects will be additive, while if they recruit a common mechanism, their effects will not be greater than each individually. Accordingly, coapplication of TTX and the TrkB inhibitor SH722 caused synaptic scaling no different to that evoked by each individually (Fig. 9B) . Similarly, coapplication of TTX and the MEK1/2 inhibitor PD 184352 had no additional effect on synaptic scaling (Fig.  9B) . These results are consistent with the hypothesis that TTX induces synaptic upscaling via the inhibition of BDNF release, Figure 7 . MSK1 is necessary for cell surface GluA1 expression during homeostatic synaptic upscaling in hippocampal neurons. A, Immunostaining of nonpermeabilized hippocampal neurons (15-18 DIV) with an antibody against the N-terminal of the GluA1 subunit showed increased cell surface expression of GluA1 subunits in wild-type neurons (top images) treated with TTX (1 M) for 24 h (right panel) when compared with vehicle-treated control cells (left panel). However, no changes in GluA1 cell surface expression were observed between control and TTX-treated MSK1 KD neurons (bottom images). Note increased GluA1 staining in MSK1 KD neurons compared with wild-type neurons under control conditions. The boxed dendritic region is enlarged in the inset below the image of the neuron. Scale bars, 10 m. B, Cumulative distributions of pixel intensity (in arbitrary units) showing rightward shift in TTX in wild-type, but not MSK1 KD neurons. Pixel intensity distribution is shifted to the right in MSK1 KD neurons under control conditions. C, Mean pixel intensity across the two genotypes (black, wild-type; white, MSK1 KD) and two experimental conditions (control and TTX). Data are presented as mean Ϯ SEM and are taken from three cells from three independent preparations. **p Ͻ 0.01, when compared with wild-type neurons in the absence of TTX. with the concomitant reduction in activation of both TrkB receptors and the MAPK cascade, and that this can be recapitulated by inhibition of TrkB receptors (SH722) and MEK1/2 (PD 184352).
Arc/Arg3.1 as the molecular effector of MSK1-dependent homeostatic synaptic plasticity Arc/Arg3.1 has risen to prominence as an important regulator of homeostatic synaptic scaling by virtue of its ability to influence cell surface AMPAR expression via interaction with the endocytotic proteins dynamin and endophilin Rial Verde et al., 2006; Peebles et al., 2010) . Moreover, Arc/ Arg3.1-dependent endocytosis of AMPAR is regulated by synaptic activity: suppression of synaptic activity with TTX causes a downregulation of Arc/Arg3.1, a reduction in AMPAR endocytosis, and results in an increase in synaptic strength . In addition, several reports have described the BDNFdependent induction of Arc/Arg3.1 (Yin et al., 2002) and that this involves TrkB-mediated activation of the MAPK cascade (Ying et al., 2002; Alder et al., 2003; Rao et al., 2006) .
To test whether Arc/Arg3.1 expression during synaptic scaling was regulated by MSK1, we exposed hippocampal cultures from wild-type and MSK1 KD neurons to TTX for 1 and 24 h and measured Arc/Arg3.1 protein expression using Western blotting (Fig. 10) . TTX resulted in a time-dependent decrease in Arc/ Arg3.1 protein expression in wild-type neurons ( Fig. 10 A) , which reached statistical significance at the 24 h time point (Fig. 10 B) . In contrast, no such pattern was observed in neurons prepared from MSK1 KD mice ( Fig. 10 A, B) , suggesting that Arc/Arg3.1 expression changes during homeostatic synaptic scaling require MSK1.
Discussion
Our observations implicate MSK1 as a key regulator of both activityand experience-dependent synaptic adaptation. As such, MSK1 serves as a molecular homeostat regulating synaptic strength in the face of prevailing synaptic and sensory activity. MSK1, positioned between TrkB receptors and transcriptional regulation mediated by CREB and histone H3 phosphorylation, defines a MAPK-dependent Figure 9 . The BDNF/TrkB/MAPK pathway bidirectionally regulates homeostatic synaptic scaling via MSK1. A, Cultured hippocampal neurons from wild-type (black bars) or MSK1 KD (white bars) mice were incubated with BDNF (50 ng/ml), the TrkB inhibitor SH722 (500 nM), or the MEK1/2 inhibitor PD 184352 (PD; 2 M), which blocks ERK1/2 activation, for 24 h, and mEPSCs were measured thereafter. Similar observations were made with a second, structurally unrelated TrkB inhibitor, BMS-SHN753 ) (500 nM) (data not shown). Data are presented as mean Ϯ SEM and are taken from between 6 and 21 cells from two to five independent preparations. NS, p Ͼ 0.05; **p Ͻ 0.01; ***p Ͻ 0.005. B, TTX-and BDNF-dependent synaptic scaling share a common intracellular signaling cascade. Dissociated hippocampal neurons from wild-type mice were exposed to TTX (1 M) in the presence or absence of the TrkB inhibitor SH722 (500 nM) or the MEK1/2 inhibitor PD 184352 (PD; 2 M) for 24 h and mEPSCs were measured using whole-cell patch clamping. While each manipulation resulted in a significant increase in mean mEPSC amplitude ( p Ͻ 0.05), no additional synaptic scaling was observed when TTX was combined with either the BDNF TrkB receptor antagonist SH722 or the MEK inhibitor PD 184352. signaling cascade capable of matching BDNF TrkB receptor activation with the appropriate induction of key plasticity-related proteins, such as Arc/Arg3.1 (Fig. 11 ).
Role of MSK1 in neuronal function
Following observations that MSK1 represents the predominant neurotrophinactivated CREB kinase in the mammalian brain (Arthur et al., 2004) , and regulates histone H3 phosphorylation and chromatin remodeling during learning and memory (Chwang et al., 2007) , MSK1 has been implicated in a range of neuronal processes ranging from circadian clock gene expression to neurodegeneration (Arthur, 2008; Frenguelli and Corrêa, 2012) . This information has been largely gleaned from studies on MSK1 knock-outs, which have shown that MSK1 KOs have no discernible basal behavioral, sensory, or morphological abnormalities that might explain these observations (Frenguelli and Corrêa, 2012) , nor do they have compensatory changes in related kinases such as RSK2 (Arthur et al., 2004) .
However, the assumption in MSK1 knock-out studies is that phenotypes attributed to MSK1 reflect the loss of kinase activity rather than some structural aspect of MSK1 required for signaling. Given the recent observation that MSK1 may form a physical signaling complex with ERK1/2 and glucocorticoid receptor (Gutièrrez-Mecinas et al., 2011) , this assumption may not hold in all cases. Accordingly, to selectively eliminate the kinase activity of MSK1, we created a knock-in KD point mutation of MSK1 by mutating Asp194 to Ala in the endogenous MSK1 gene.
MSK1 KD mice were fertile, viable, and demonstrated no obvious behavioral or morphological brain abnormalities. While there were no changes in protein levels of the related RSK2, levels of MSK1 protein were somewhat reduced in hippocampus and cerebellum, which may reflect some instability in the mutated protein. Indeed, we have previously observed reduced expression of MSK1 protein in mutants affecting MSK1 kinase activity (McCoy et al., 2005 (McCoy et al., , 2007 . Accordingly, at this stage, we cannot attribute the synaptic and experience-dependent phenotype of the MSK1 KD mutant exclusively to a loss of kinase activity. However, the efficacy of the kinase-dead mutation was confirmed by the lack of MSK1 kinase activity in tissue from MSK1 KD mice, a finding consistent with that in tissue obtained from MSK1 KOs, and despite the fact that both upstream ERK1/2 signaling and the phosphorylation of MSK1 at the key T581 residue were intact in the kinase-dead mutant. Thus, despite the caveat of somewhat lower MSK1 expression, the MSK1 KD mutant represents an advance in the tools available to study the kinase role of MSK1 in the mammalian CNS.
MSK1 is required for synaptic enhancement in response to environmental enrichment
A considerable literature exists demonstrating the beneficial effects of enriched or complex environments on neuronal structure and function (Rosenzweig and Bennett, 1996; Nithianantharajah and Hannan, 2006) , and a common theme is the importance of BDNF in these processes (Cowansage et al., 2010) . In keeping with this body of evidence, we observed an increase in excitatory synaptic transmission and spine density in wild-type mice raised from birth in an enriched environment. In contrast, MSK1 KD mice showed no such increase in the amplitude of mEPSCs, while the increase in spine density was blunted. Of note, however, is the observation that there was a small increase in basal spine density Figure 11 . Working model for the role of MSK1 in homeostatic and experience-dependent synaptic scaling. BDNF stimulates the TrkB receptor that activates the ERK1/2 pathway, resulting in the activation of MSK1. MSK1 induces Arc/Arg3.1 transcription, potentially via the phosphorylation of one or both of its downstream targets, CREB and histone H3. Arc/Arg3.1, together with endophilin and dynamin, acutely regulates cell surface expression of AMPA GluA1 subunits, while interactions with cofilin and F-actin may result in longer term functional and morphological effects. TTX treatment, which blocks activity-dependent BDNF release, causes reduced MSK1 activation and a decrease in Arc/Arg3.1 induction. This results in reduced AMPAR endocytosis and therefore increased synaptic AMPAR levels and hence synaptic upscaling of mEPSC amplitudes. In the longer term, environmental enrichment, which increases levels of BDNF, may stimulate MSK1 and hence regulate Arc/Arg3.1 levels to influence the structure of dendritic spines and the complement of synaptic AMPA receptors to induce sensory experience-dependent morphological and functional plasticity.
in the MSK1 KD, which may have been due to preferential access of the fluorescent dextran to larger spines in the MSK1 mutant. Analysis of eGFP-labeled spines in wild-type and MSK1 KD cultured hippocampal neurons confirmed an increase in spine volume in the mutants, suggesting that MSK1 may regulate the size of dendritic spines, and that loss of MSK1 kinase activity favors larger spines.
Interestingly, an increase in the number of larger, mushroom spines was observed in the Arc/Arg3.1 KO (Peebles et al., 2010) , while the visual cortex of Arc/Arg3.1 KO mice was unresponsive to sensory experience or deprivation (McCurry et al., 2010) . Given the Arc/Arg3.1 deficit observed in MSK1 KD neurons in response to TTX treatment (Fig. 10) , MSK1 may regulate spine morphology and the neuronal response to sensory experience via regulation of Arc/Arg3.1 expression. Arc/Arg3.1 has been suggested to influence spine morphology and plasticity via the cytoskeletal proteins cofilin and F-actin (Messaoudi et al., 2007; Bramham et al., 2010; Shepherd and Bear, 2011) . It is therefore possible that reduced Arc/Arg3.1 expression and cofilin/F-actin interaction in the MSK1 KD mice may underlie the deficits in neuronal structure and function observed after environmental enrichment (Fig. 11 ).
MSK1 regulates homeostatic synaptic plasticity in vitro
Neurons inversely modulate synaptic strength in the face of prevailing synaptic activity. This phenomenon of homeostatic synaptic plasticity is regarded as a key compensatory mechanism to avoid runaway synaptic excitation or depression occasioned by activity-dependent Hebbian plasticity induced by LTP and LTD, and a number of candidate molecules have been implicated (Turrigiano, 2008; Pozo and Goda, 2010) . We found that while wild-type neurons exhibited the expected enhanced synaptic response to activity deprivation (TTX), neurons from MSK1 KD mice did not, indicating that MSK1 kinase activity is necessary to translate synaptic activity into adaptive or homeostatic responses. MSK1 KD neurons did, however, show an increase in basal synaptic transmission and in the frequency of mEPSCs. This likely reflects the selective increase in cell surface GluA1 staining observed in MSK1 KD neurons compared with wild-type neurons. These observations are also reminiscent of the findings in the Arc/Arg3.1 KO in which cultured hippocampal neurons showed greater GluA1 expression, larger basal mEPSCs, but no modulation of synaptic strength by TTX Shepherd et al., 2006) . Subsequent studies have confirmed the specificity of the interaction between Arc/Arg3.1 and GluA1 (Peebles et al., 2010) and are consistent with the findings reported here that GluA1, but not GluA2, expression was influenced by TTX and MSK1.
To confirm that the electrophysiological phenotype of the MSK1 KD neurons was due to a loss of MSK1 kinase activity, we performed rescue experiments in which wild-type MSK1-GFP was transfected into MSK1 mutant neurons. This manipulation had three effects: it returned basal mEPSC amplitude to that of wild-type neurons, it returned mEPSC frequency to that of wildtype neurons, and third, it also restored the ability of neurons from MSK1 mutant mice to demonstrate homeostatic synaptic scaling in response to activity deprivation. Thus, MSK1 represents a key regulator of quantal amplitude, basal synaptic transmission, synaptic adaptation, and potentially the number of active synapses.
MSK1 as the apex of the BDNF/MAPK signaling cascade regulating synaptic homeostasis BDNF has been shown to activate MSK1 via stimulation of TrkB receptors and activation of ERK1/2 (Arthur et al., 2004) . To establish the involvement of both this pathway and MSK1 in synaptic scaling, we performed two sets of experiments: stimulation or inhibition of the BDNF/MAPK pathway in wild-type and MSK1 KD neurons, and occlusion experiments in wild-type neurons. In wild-type neurons, application of BDNF induced synaptic downscaling, while inhibition of either TrkB receptors or of the upstream ERK1/2 kinase, MEK1/2, caused synaptic upscaling. In contrast, these manipulations were without effect in MSK1 KD neurons, suggesting that MSK1 is an integral feature of the BDNF/MAPK pathway in regulating synaptic adaptation. To confirm that TTX-induced synaptic downscaling invoked a similar BDNF/MAPK-dependent pathway, we coapplied TTX with either the TrkB inhibitor SH722 or the MEK1/2 inhibitor (PD 184352). This did not result in additional synaptic scaling, suggesting the recruitment of a common pathway involving TrkB receptors and MAPK.
Arc/Arg3.1 as a mediator of MSK1-dependent homeostatic synaptic scaling
Arc/Arg3.1 has risen to prominence as a regulator of cell surface AMPA receptor expression via its ability to interact with the endocytotic proteins dynamin and endophilin Rial Verde et al., 2006; Peebles et al., 2010) , as a mediator of homeostatic synaptic plasticity Béïque et al., 2011) , in shaping spine morphology (Peebles et al., 2010) and in LTP and learning and memory (Ying et al., 2002; Plath et al., 2006; Shepherd and Bear, 2011) . BDNF has been reported to induce Arc/Arg3.1 expression via activation of TrkB and MAPK (Ying et al., 2002; Alder et al., 2003) , and both BDNF and Arc/Arg3.1 have independently been implicated in the induction of homeostatic synaptic plasticity (Turrigiano, 2008; Pozo and Goda, 2010) . Our observations suggest that MSK1 may serve as a mechanistic link between the activation of BDNF TrkB receptors and the induction of Arc/Arg3.1 expression, at least under conditions of activity deprivation, resulting in the appropriate compensatory changes in cell surface GluA1 expression.
In conclusion, we have shown that MSK1 occupies a prime position in the CNS in translating both synaptic activity and sensory experience into enduring forms of functional and structural plasticity. MSK1 may thus represent a signaling focus for neurotrophin-directed neuronal development and adaptation, and potentially a therapeutic target for the promotion of neuronal and synaptic growth and recovery.
